Background--Aortic stiffness impairs optimal ventricular-vascular coupling and left ventricular systolic function, particularly in the long axis. Left ventricular global longitudinal strain (GLS) has recently emerged as a sensitive measure of early cardiac dysfunction. In this study, we investigated the relation between aortic stiffness and GLS in a large community-based sample.
L eft ventricular (LV) function can be evaluated using directional components of myocardial deformation or strain. Longitudinal LV strain (also referred to as global longitudinal strain, GLS) appears to be a sensitive measure of impaired LV systolic function [1] [2] [3] and has been shown in several studies to be better than ejection fraction at predicting cardiovascular disease events and death. [4] [5] [6] [7] During systole, longitudinal shortening of the LV produces aortic displacement [8] [9] [10] and stretches the ascending aorta. 11 The force required to produce longitudinal strain of the aorta represents an often overlooked form of direct mechanical load on the LV that may have important implications for the relation between aortic stiffness and LV systolic function, particularly in the long axis. 11, 12 Alterations in both LV and aortic physiology may play an important role in predisposition to heart failure and especially heart failure with preserved ejection fraction (HFpEF). Whereas HFpEF is almost as common as heart failure with reduced ejection fraction, HFpEF has proven relatively refractory to treatment in a number of randomized clinical trials, [13] [14] [15] underscoring the importance of efforts to better understand its pathophysiology. Interestingly, HFpEF has been related to both reduced GLS and increased aortic stiffness in a number of prior studies. 3, 7, [16] [17] [18] [19] [20] Furthermore, both HFpEF and aortic stiffness are prevalent in older individuals, particularly women, 16, 17 suggesting possible pathophysiologic links between aortic stiffness and subclinical alterations in LV systolic function that may promote the development of HFpEF in susceptible individuals. Therefore, to further clarify the interrelations of large artery hemodynamics and alterations in LV systolic function, we investigated the association between aortic stiffness and GLS in a large, community-based sample free of overt cardiovascular disease.
Methods Study Sample
Participant selection criteria and the design of the Framingham Offspring and the Framingham Omni studies have been previously described. [21] [22] [23] Offspring Study participants who attended their eighth examination (2005) (2006) (2007) (2008) and Omni Study participants who attended their third examination (2007) (2008) ) underwent a standardized medical history and examination (N=3319), and underwent routine echocardiography (N=3185) with digital image acquisition using a HewlettPackard 5500 machine (Philips Healthcare, Andover, MA). A total of 3086 individuals had echocardiographic images deemed appropriate for speckle-tracking analyses based on the following criteria: ≤1 segment of dropout for any of the predefined views (apical 2-chamber, apical 4-chamber, or parasternal short-axis at the level of the midventricle) and absence of arrhythmia during image capture. 24 From this sample, we excluded individuals in hierarchical, non-exclusive fashion for the following reasons: prior history of cardiovascular disease (N=252), prevalent atrial fibrillation (N=124), valvular heart disease (N=63), missing covariate data (N=12), and missing carotid-femoral pulse wave velocity (CFPWV, N=140), resulting in a final sample of 2495 participants eligible for the present investigation. The Institutional Review Board of Boston University Medical Campus approved the study protocols, and all participants provided written informed consent.
Clinical Evaluation and Definitions
Medical history, physical examination, and electrocardiography were performed routinely at each Framingham Heart Study examination. 22 Physician-acquired blood pressures represent the mean of 2 auscultatory measurements obtained on the left arm of seated participants at the time of the Framingham clinic examination. The physician blood pressures were acquired using a mercury column sphygmomanometer and a standardized protocol with excellent measurement reproducibility. Body mass index was calculated by dividing weight in kilograms by the square of the height in meters. Blood glucose was measured in the morning after participants had fasted overnight. Criteria for diabetes mellitus were a blood glucose level of 126 mg/dL (7.0 mmol/L) or greater, or the use of medications to treat diabetes. Smoking was defined as regular use of cigarettes in within the year preceding the Framingham Heart Study visit.
Assessment of Noninvasive Hemodynamics
Hemodynamic data were acquired as previously described. 25 Participants were studied in the supine position after 5 minutes of rest. Supine auscultatory brachial systolic and diastolic blood pressure at the time of tonometry (referred to as tonometric measures) were obtained using a computercontrolled device. Arterial tonometry with simultaneous electrocardiography was obtained from brachial, radial, femoral, and carotid arteries using a custom tonometer. Next, 2-dimensional echocardiographic images of the LV outflow tract were obtained from a parasternal long-axis view followed by pulsed Doppler of the LV outflow tract from an apical 5-chamber view. Tonometric, electrocardiographic, and echocardiographic data were digitized during the primary acquisition and transferred to the core laboratory (Cardiovascular Engineering, Inc, Norwood, MA) for analysis by trained analyzers blinded to participant characteristics. Tonometry waveforms were signal-averaged using the electrocardiographic R-wave as a fiducial point. 25 Since tonometry and echocardiography were performed during the same examination session for each participant, blood pressure measurements recorded as part of the tonometry assessment are also considered contemporary with the echocardiographic assessment. Cuff systolic and diastolic pressures obtained at the time of tonometry were used to calibrate the peak and trough of the signal-averaged brachial pressure waveform. Mean arterial pressure was calculated by integration of the calibrated brachial pressure waveform. 26 Diastolic pressure and mean arterial pressure were then used to calibrate carotid pressure tracings. 27 Calibrated carotid pressure was used as a surrogate for central pressure. 27 CFPWV was calculated from carotid and femoral pressure waveforms, and body surface measurements were corrected for parallel transmission by subtracting the distance from suprasternal notch to carotid artery, from the distance from suprasternal notch to femoral artery, as previously described. 28 Reproducibility of the major tonometric measures in our laboratory has been previously reported. 29 In a random sample of 50 cases that were blindly re-analyzed by a second observer, the correlation coefficient was r=0.972 for CFPWV and r=0.997 for augmentation index (AI). Characteristic impedance (Zc) was calculated from the ratio of change in carotid pressure and the change in flow in the proximal aorta during early systole. 26 Early systole was defined as the time interval between the onset of flow and the time that flow reaches 95% of its maximum value.
Assessment of Cardiac Strain
We used an off-line speckle-tracking software package (2D Cardiac Performance Analysis v1.1; TomTec Imaging Systems, Unterschleißheim, Germany) to analyze LV cardiac strain in each of the pre-defined 2-dimensional views (apical 2-chamber, apical 4-chamber, and midventricular parasternal short-axis) according to a standardized protocol. 24 The
TomTec 2D software package allows for performing strain measurements according to an established speckle-tracking algorithm that has been validated with sonomicrometry as well as cardiac magnetic resonance imaging, as reported previously. [30] [31] [32] GLS was calculated as the average of longitudinal strains from the 2-and 4-chamber views and global circumferential strain (GCS) was calculated from the short-axis view. Negative strain values indicate LV myofiber shortening. Excellent intra-and interobserver reproducibility for strain measures have been reported previously. 24 
Statistical Methods
Clinical, tonometric, and echocardiographic characteristics of the study sample were tabulated separately by sex. Negative inverse CFPWV and natural log-transformed Zc were used in statistical analyses to minimize heteroscedasticity and normalize distributions. We used multivariable-adjusted regression models to quantify associations between each of the primary hemodynamic measures (CFPWV and Zc; independent variables) and each LV cardiac strain measure (GLS and GCS; dependent variables). We adjusted for (1) cohort (Omni versus Offspring), age, sex, and height; and (2) additionally for weight, glucose, total/high-density lipoprotein cholesterol ratio, natural logtriglycerides, diabetes mellitus, current smoker, antihypertensive medication use, lipid-lowering medication use, heart rate during tonometry, tonometric systolic blood pressure, and AI. To account for multiple testing performed with 2 primary aortic stiffness independent measures and 2 primary strain dependent measures, we used a conservative Bonferronicorrected statistical significance threshold of P<0.0125= (0.05/4). In secondary analyses, we repeated analyses with additional adjustment for LV mass, LV wall thickness, and LV end-diastolic dimension. We also tested for modification of strain associations by age and sex. Figure models were performed with native units of CFPWV and Zc for easier interpretation of results and were not significantly different from models using transformed values. Figures were created using restricted cubic splines with knots at the 5th, 50th, and 95th percentiles.
All analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC). The authors have full access to and take full responsibility for the integrity of the data. All authors read and agreed to the manuscript as written. Table 1 displays the clinical characteristics of men and women in the study sample. Table 2 presents the clinical characteristics of both included and excluded participants. Individuals excluded tended to be older, have higher body mass index, and a higher prevalence of diabetes mellitus and treatment for hypertension and dyslipidemia. Table 3 displays vascular and cardiac measures of men and women in the study sample. Men had a higher CFPWV and a larger LV structure, whereas women had a higher Zc and larger magnitudes of GLS and GCS.
Results
Multivariable-adjusted associations of the aortic stiffness measures (CFPWV and Zc) with LV strain measures (GLS and GCS) are shown in Table 4 Current smoker, N (%) 82 (8) 129 (9) Hypertension treatment, N (%) 543 (51) 646 (45) Lipid treatment, N (%) 517 (49) 578 (40) Values are shown as meansAESD or number (percent frequency) unless otherwise indicated. HDL indicates high-density lipoprotein. *Median (25th, 75th percentile).
global aortic stiffness, as represented by CFPWV, was associated with worse (less negative) GLS in all models, and was associated with worse (less negative) GCS in the age-, sex-, and height-adjusted model only (Table 4 and Figure 1 ). There was no significant effect modification by age or sex on the relations between CFPWV and either GLS or GCS (Table 5) . Greater proximal aortic stiffness, as represented by Zc, was also associated with worse GLS and worse GCS in multivariable-adjusted models (Table 4) . Although there was no significant effect modification by age on these associations, or by sex on the associations of Zc with GCS, there was a significant sex interaction in models relating Zc with GLS (Table 5 ). In sex-stratified analyses, Spearman correlation coefficients were calculated for the relations of pulse pressure with CFPWV and Zc: q=0.52 and 0.69, respectively, in men; q=0.57 and 0.71, respectively, in women. In secondary analyses of CFPWV and Zc with GLS and GCS additionally adjusting for serum creatinine as a measure of renal function, results were unchanged (data not shown). Given the significant sex interaction observed for the association between Zc and GLS, we performed sex-stratified analyses. In analyses adjusting for clinical covariates including systolic blood pressure and AI, greater Zc was associated with worse GLS in women (0.146% [SE 0.037] strain per SD in logZc, P<0.0001) but not in men (Table 4) . In multivariable analyses with additional adjustment for conventional measures of LV structure, the association of greater Zc and worse GLS remained significant in women (0.145% [SE 0.039] strain per SD in log-Zc, P=0.0003) and not in men (Table 4 and Figure 2 ).
Discussion
In a cross-sectional community-based cohort of middle-aged and older adults, greater aortic wall stiffness, as evaluated by CFPWV, was associated with worse (less negative) GLS. Prior studies have investigated the extent to which hemodynamic load, represented by indices of aortic wave reflection, are related to advanced measures of LV function. 33 By contrast, we focused our investigation on the extent to which aortic stiffness possibly confers a non-hemodynamic effect on LV function, particularly in the long axis. CFPWV was related to GLS, but not GCS, in both men and women, consistent with the hypothesis that aortic stiffening imposes a direct mechanical load on long-axis LV function. Zc was related to GLS in women only, suggesting that LV long-axis function may be particularly sensitive to mechanical coupling with the proximal aorta in women. By contrast, short-axis function was sensitive to Zc in men and women, suggesting that Zc contributes to elements of global hemodynamic load separate from systolic pressure and AI. The association between aortic wall stiffness (evaluated as either CFPWV or Zc) and GLS persisted after adjusting for systolic blood pressure and AI, indicating that the relation between aortic wall stiffness and LV long-axis function may not be explained fully by potential effects of aortic stiffening on blood pressure and wave reflection. Increased aortic stiffness has been linked to impaired LV systolic function, particularly along the LV long axis. [34] [35] [36] [37] [38] [39] The relation is often attributed to increased hemodynamic load imposed by stiffer arteries. 36, 40 However, our observed relations between aortic stiffness measures and GLS persisted after adjusting for traditional measures of hemodynamic load. Direct mechanical ventricular-vascular coupling provides an alternative explanation for the observed relation between aortic stiffness and LV systolic function. Systolic contraction shortens the LV long axis by pulling the aortic annulus and sinotubular junction of the aorta towards the LV apex, which moves minimally during systole. 8, 9, 11 The combination of aortic annulus displacement along with minimal movement of the aortic arch implies that there is considerable longitudinal stretch of the ascending aorta during systole. 10, 11, 41 Aortic stretch increases from the beginning until the end of systole and imposes a progressive . GLS was significantly worse (less negative) with greater CFPWV, and GCS was significantly worse (less negative) with greater CFPWV. Analyses were adjusted for key covariates: cohort, age, sex, height, weight, glucose, total/HDL cholesterol ratio, natural logtriglycerides, diabetes mellitus, current smoker, antihypertensive medication use, lipid-lowering medication use, heart rate, systolic blood pressure, augmentation index, left ventricular mass, left ventricular wall thickness, and left ventricular diastolic dimension. The symbol D refers to difference in GLS or GCS compared to the median per CFPWV value. CL indicates confidence limit; HDL, high-density lipoprotein.
systolic load on the heart. 9, 12 If the aorta stiffens, the heart must contract with greater long-axis force in order to produce the same amount of aortic displacement; for a given LV contraction strength, a stiff aorta would be displaced and stretched less than a compliant aorta would. Therefore, LV long-axis shortening and GLS may be reduced when pulling against a stiffer aorta because of a potential mechanical ventricular-vascular interaction. Both increased aortic stiffness and impaired GLS have been associated with impaired LV diastolic function in previous studies 12, 19, 34, 35, 38, [42] [43] [44] [45] [46] [47] as well as in our cohort. 48 The relation between aortic stiffness and diastolic function is often attributed to hemodynamic effects, while the relation between GLS and diastolic function has been attributed to recoil of contracted LV muscle fibers. 49, 50 Recent studies have suggested that diastolic recoil of the aorta and left atrium, which are stretched during systole, facilitates LV filling and ejection. 12, [51] [52] [53] [54] [55] The association between increased aortic stiffness and worse GLS observed in our study may relate to both the systolic and diastolic components of direct mechanical ventricular-vascular coupling and requires further study. 48 Women tend to have greater aortic longitudinal strain, and better (more negative) GLS and LV ejection fraction than men even in older age. 11, [56] [57] [58] [59] Despite having better apparent LV systolic function than men, older women are more likely to develop diastolic dysfunction and HFpEF. 16, 17, 38, 60, 61 In our study, both men and women had an association between CFPWV (a global measure of aortic stiffness) and GLS. However, only women had an association between Zc (a local measure of proximal aortic stiffness) and GLS. Previous studies have found that increased proximal aortic stiffness (evaluated as Zc) is associated with impaired diastolic function measures women and between Zc and global circumferential strain (GCS) in (C) men and (D) women. Greater Zc was not significantly associated with either GLS or GCS in men; by contrast, Zc was associated with significantly worse (less negative) GLS and GCS. Analyses were adjusted for key covariates: cohort, age, sex, height, weight, glucose, total/HDL cholesterol ratio, natural log-triglycerides, diabetes mellitus, current smoker, antihypertensive medication use, lipid-lowering medication use, heart rate, systolic blood pressure, augmentation index, left ventricular mass, left ventricular wall thickness, and left ventricular diastolic dimension. The symbol D refers to difference in GLS or GCS compared to the median per Zc value. CL indicates confidence limit; HDL, high-density lipoprotein.
and prevalence of diastolic dysfunction in women only. 60 Additionally, the amount of elastic energy stored as a result of systolic proximal aortic stretch has been shown to relate to improved early diastolic filling in older men but not older women, 12 indicating that women may fail to recover this energy as a facilitator of longitudinal LV recoil and enhanced early diastolic filling. Volumetric diastolic filling and work stored during aortic stretch were not evaluated in this study, but the observed sex differences in the relation between GLS and Zc may be linked to sex differences in diastolic function. CFPWV is closely associated with stiffening of the aortic wall, while Zc is more sensitive to differences in aortic diameter. 62, 63 Women have genetically smaller aortas than men, which may limit the amount of aortic remodeling possible in response to increased hemodynamic load, for example, as a consequence of midlife weight gain. The disparity in the relations of CFPWV and Zc with GLS for men and women may be attributable in part to the markedly higher Zc values observed in women in our older sample. CFPWV and Zc also differ in their associations with GCS. CFPWV was associated with GLS and not GCS, which may indicate that long-axis function of the LV is more closely linked with global aortic wall stiffness than is short-axis function. In prior work conducted in this study sample, we have observed that CFPWV is significantly associated with measures of LV diastolic function but not with conventional measures of LV systolic function. 48 In light of these prior results, the lack of association of CFPWV with circumferential strain is consistent with the concept that mechanical (ie, non-hemodynamic) coupling is selectively related to LV function in the long axis. Zc was associated with both GLS and GCS, which may be related to the strong association between Zc and pressure pulsatility, 62 possibly contributing to a secondary association between pressure pulsatility (which imposes an omnidirectional load) and global LV load that includes GCS. 64 Additional research is needed to investigate differences in relations of CFPWV and Zc with LV function.
Our study has limitations that should be considered. The study sample included middle-aged to older men and women of predominantly European ancestry. Thus, additional studies should be performed in other age groups and ethnicities to establish the generalizability of our results. We and others have previously reported on associations of arterial stiffness in relation to adverse cardiovascular events and on the relation of altered myocardial long-axis strain with all-cause mortality. 4, 65, 66 For the present study sample, in whom both arterial stiffness and myocardial strain measures were performed, the limited number of total events adjudicated to date precludes adequately powered analyses of their combined effects on outcomes. Because repeated measures of both arterial stiffness and myocardial strain were not available in our sample, further studies are needed to conduct longitudinal analyses of these measures also in relation to outcomes. The extent to which certain medications that might confer de-stiffening properties may have been more or less prevalent among certain subgroups in our study sample could not be precisely ascertained. Further investigations, including prospective studies, are needed to determine the effects of medications with destiffening properties on the observed relationships between arterial stiffness and LV mechanical function. Additionally, although not available in our study sample, measurements of aortic strain and ascending aorta dimension warrant attention in future studies as variation in these measures could account for at least some of our observed major findings, including differences between men and women. The strength of our study is the large community-based sample of well-characterized participants with routine ascertainment of comprehensive echocardiography and aortic stiffness measures.
Conclusion
Aortic stiffness is linked to LV function perhaps partially through direct mechanical coupling. During systole, LV longaxis shortening produces longitudinal aortic stretch. As the aorta stiffens with advancing age or disease, the force required to stretch the proximal aorta will increase, which will increase load on the long axis of the LV and may result in less LV long axis shortening. In our study, both men and women exhibited a relation between increased global aortic wall stiffness, as evaluated by CFPWV, and impaired GLS, whereas only women exhibited a relation between increased proximal aortic stiffness, as evaluated by Zc, and GLS. Future studies should explore the relations between different measures of aortic stiffness and LV function and investigate possible sex differences in these relations. 
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